ABSTRACT
Ischemia and reperfusion (I/R) has been shown to elicit an inflammatory response that is characterized by an increased production of reactive oxygen species, and the rolling, firm adhesion, and transendothelial migration of leukocytes in postcapillary venules. A rate-determining role for leukocyte-endothelial cell (L/E) adhesion in the initiation and propagation of reperfusion injury is supported by several reports that describe attenuated microvascular dysfunction and tissue injury following I/R in animals receiving neutralizing antibodies directed against certain leukocyte adhesion receptors and in mutant mice that are genetically deficient in these adhesion receptors The technique of intravital videomicroscopy has been applied to several tissues, including the brain, in order to directly observe the microcirculatory alterations and inflammatory responses that are elicited by I/R. The leukocyte-and platelet-endothelial cell adhesion responses to cerebral I/R are addressed and compared to responses observed in other postischemic vascular beds. The limited data available for the brain microcirculation support the potential of antileukocyte and anti-platelet strategies for stroke therapy.
INTRODUCTION
Ischemic stroke, a disease with high mortality worldwide, is not easily prevented prior to the appearance of the symptoms. As reported for other tissues, the severity of neuronal injury caused by ischemia is related to both the magnitude and duration of the ischemic insult (1). When blood flow is restored to the ischemic brain, reperfusion injury can occur except in the infarcted area, where neuronal function usually cannot recover due to microvascular dysfunction. Preclinical studies have revealed that the sudden restoration of blood flow to an ischemic brain can initiate a cascade of events that ultimately results in an acute and potentially injurious inflammatory reaction. In the microcirculation, this inflammatory response is manifested as the rolling, firm adhesion, and transendothelial migration of leukocytes in postcapillary venules, endothelial barrier dysfunction in both capillaries and venules, and an increased production of reactive oxygen species within all segments (arterioles, capillaries & venules) of the microvasculature. Leukocyte accumulation in whole brain tissue after ischemia is also consistent with an inflammatory response (2). Despite the deleterious effects of reperfusion, blood flow restoration to the ischemic brain is essential for survival of the patient.
Villringer et al. first described the adhesion of leukocytes in the postischemic microvasculature of the brain. Leukocyte-endothelial cell interactions within the brain microcirculation have also been examined after exposure to other stimuli, including LTB 4 stimulation (3,4), bacterial meningitis (5), traumatic brain injury (6), PAFstimulation (7,8) and TNF-alpha stimulation (9). In this review, emphasis is given to evaluating the available information concerning the microvascular and inflammatory responses of the cerebral microcirculation to ischemia and reperfusion. The major objectives of this review are 1) to describe the intravital microscopic methods used to observe the cerebral microcirculation; 2) to summarize the behavior of leukocytes and platelets in cerebral venules exposed to ischemia and reperfusion (I/R), and 3) to address the mechanisms that underlie the inflammatory and prothrombogenic responses of the brain to I/R.
TECHNICAL CONSIDERATIONS

Cranial window
Since Morii et al. (10) provided the first description of a closed cranial window for studies of the cerebral microcirculation in small animals (rat, mouse, gerbil and newborn pig), intravital microscopy has been routinely applied to studies of the brain. While the cranial window technique is a relatively atraumatic method, there is a necessity to cut the dura mater for observation of brain microvessels in the rat, but not in the gerbil (11) or mouse (12), except when superfusion of a reagent over brain surface is required. The dura mater of rat brain is richly vascularized, making it difficult to visualize microvessels in the underlying brain tissue. The highly vascularized dura mater of the rat necessitates the use of a fine bipolar coagulator to cut the tissue without excessive bleeding. This can be achieved with the use of a stereo microscope and bright light illumination. The low vascular density in mouse dura mater, eliminates the need to cut the tissue for observation of the cerebral microcirculation in mice (12) and gerbils (11).
An addition to cutting the dura, removal of the bone flap should be performed very carefully in order to create a cranial window without brain damage. A drill is used to create a donut shaped flap that is removed without inserting forceps beneath the bone during its removal. If properly performed, the bone flap and dura mater are prepared without eliciting the adhesion of leukocytes in the underlying cerebral venules.
Intravital fluorescence microscopy
Unlike for transparent tissues such as the mesentery or mouse cremaster muscle, the brain microcirculation cannot be visualized using conventional light microscopy because the density of this tissue does not allow for light to pass through it. Hence, visualization of events that occur within cerebral microvessels necessitates the use of fluorochromes and intravital fluorescence microscopy.
Leukocytes are usually observed in the cerebral microcirculation by administration of the fluorochrome rhodamine 6G (absorption peak, 525 nm; emission peak 555 nm), which are taken up by circulating leukocytes. Continuous infusion (rather than single bolus injection) of rhodamine 6G produce clear and sharp images of leukocytes. Flow cytometry has revealed that essentially 100% of leukocytes are stained by intravenous rhodamine 6G (13). We have used carboxyfluorescein diacetate succinimidyl ester (CFDASE) (12) for ex vivo labeling of platelets.
CFDASE forms the stable fluorochrome carboxyfluorescein succinimidyl ester (CFSE, absorption peak 492 nm, emission peak 518 nm) after reaction with intracellular esterases.
As a light source, xenon or mercury lamps and lasers have been used to visualize the cerebral microcirculation. Long exposure periods to fluorescent light should be avoided in order to minimize endothelial cell injury, platelet adhesion and reductions in blood flow. The observation time is typically limited to 30 -60 seconds for each vessel.
Ischemia models
Both global and focal ischemia models have been employed to study the cerebromicrovascular responses to I/R. Bilateral common carotid artery occlusion (BCCAO) has been used to induce global ischemia in gerbils (14) and in C57Bl/6 mice (15-18). Uhl (11) observed leukocyte adhesion in microvessels of the gerbil brain after BCCAO and we have performed similar experiments in mice (12). Villringer et al. (19) and Dinagl et al. (20) have used a combination of BCCAO and arterial hypotension to study global ischemia in rats. In the rat, the additional occlusion of the vertebral arteries or the presence of arterial hypotension is necessary to induce global ischemia.
The middle cerebral artery occlusion (MCAO) model, which involves arterial occlusion with an intravascular filament, is the most commonly used model of focal cerebral ischemia. This model was first applied to the rat but it was adapted for the mouse by using a different diameter nylon monofilament. The rat MCAO model was developed in the 1980s (21-23), using 3-0 or 4-0 nylon with a burned tip (0.25~0.3mm) and 15~20mm length from the bifurcation of the internal and external carotid arteries (ICA/ECA) to the origin of the middle cerebral artery (MCA) (24-26). In the mouse MCAO model, a 5-0 or 6-0 nylon thread is used with a burned tip (0.2~0.22mm) and 9~11.5mm length from the ICA/ECA bifurcation to the origin of the MCA (27-32).
A brief summary of the procedure used in our laboratory to produce MCAO in mice follows. After a midline neck incision, the left external carotid artery, the common carotid artery and the pterigoparatine artery are isolated and ligated. The internal carotid artery is clipped at the peripheral site of the bifurcation of the internal carotid artery and the pterigoparatine artery. A tip of a nylon monofilament is blunted with fire or a coagulator. As the suture is advanced to the level of the carotid bifurcation, the nylon and ECA are secured with 5-0 silk suture in order to prevent bleeding during the final occlusion and during the removal of the nylon thread at the time of reperfusion. The ECA is then cut and rotated with the nylon thread to further advance the nylon thread into the ICA. The nylon thread is advanced until a small resistance is felt and until the desired distance from the nylon thread tip to the internal carotid arterypterygophalatine artery bifurcation and to the ICA-ECA bifurcation are reached. Once the desired ischemic duration is achieved, the nylon thread is removed and the common carotid artery occlusion is opened and reperfused. Gerbil Short lasting activation of leukocytes can play a role in the development of secondary brain damage.
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We first described the combined use of a cranial window and the MCAO methods in rats (33) . With this combination, we can occlude the MCA while observing the brain surface through the cranial window with an intravital fluorescence microscope. When the thread occludes the MCA, sudden retrograde flow is observed in arterial anastomoses, but not in arterioles penetrating into the brain. The same retrograde flow is observed in mice during MCAO. However, it is more difficult to observe the cerebral microvessels in mice via a cranial window during occlusion of the MCA. Since the brain surface in the infarcted area exhibits low flow, not no-flow, some rolling and adherent leukocytes can be seen in venules with slower flow even during MCAO.
INFLAMMATORY RESPONSES TO I/R
Leukocyte adhesion
The leukocyte-endothelial cell interactions elicited in postischemic tissues consists of several steps, i.e., rolling, adhesion and transendothelial migration. The recruited leukocytes can contribute to reperfusion injury through the release of proteases, reactive oxygen species, and other inflammatory mediators. The engagement of adhesion molecules on leukocytes with ligands on endothelial cells can activate signaling pathways in either or both cells, which can lead to further amplification of the inflammatory response. Circulating activated leukocytes can also plug cerebral capillaries and induce capillary noreflow. We occasionally observe transiently plugging leukocytes within short capillaries of the brain that eventually dislodge and gain access into downstream venules. This plugging of capillaries following I/R has been attributed to the reduced deformability (increased stiffness) of activated leukocytes (34).
Time -course
In 1991, Villringer et al. (19) first demonstrated leukocyte-endothelial cell interactions in the brain microcirculation of the rat after 10 min global ischemia and 60 min reperfusion (Table 1) . Later, it was reported that leukocyte rolling and adhesion can be observed as early as 30 min into the reperfusion period after 10 min of global ischemia in rat (20), at 40 min reperfusion after 15 min global ischemia in the gerbil (11) and at 40 min of reperfusion after 60 min global ischemia in the mouse (12). The rapid appearance of rolling and adherent leukocytes in brain venules after I/R are consistent with the rapid upregulation of P-selectin and substantial constitutive expression of ICAM-1 (35) in this vascular bed. Using mutant mice that are genetically deficient in either P-selectin or ICAM-1, we have demonstrated the requirement of these adhesion molecules to sustain the leukocyte rolling and firm adhesion elicited in postischemic cerebral venules (12).
An interesting difference between the leukocyte adhesion responses noted in rats vs mice subjected to MCAO (33, 36) is the appearance of adherent leukocytes in arterioles in the former specie, but not the latter. This may relate to the presence of retrograde flow in arterioles in the MCAO model (33, 36, 37) . However, rolling and adherent leukocytes are not observed in arterioles of C57Bl/6 mice even though retrograde flow is observed in these arterioles.
Shear rate
Ritter et al. (36) reported a significant increase in leukocyte adhesion and a significant reduction in venular shear rate after I/R in the brain. Similarly, we have reported that glycerol increases the velocity of flowing leukocytes and reduces leukocyte adhesion in cerebral venules (38) . These findings are consistent with studies in other tissues that show a strong inverse relationship between leukocyte adherence and venular shear rate.
Nitric oxide (NO)
The nitric oxide synthase (NOS) inhibitor, Lnitroarginine (L-NA), and the NO donor, sodium nitroprusside (SNP), have been used to demonstrate that NO modulates the leukocyte-endothelial cell adhesion elicited in cerebral venules by asphyxia/reoxygenation (39) . Hudetz (40) also demonstrated that NOS inhibitor, N-nitro-L-arginine methyl ester (L-NAME), enhances the leukocyte adhesion induced by I/R while its inactive enantiomer, Nnitro-D-arginine methyl ester (D-NAME), does not. It remains unclear whether the anti-adhesion effects of NO in the cerebral microcirculation are mediated through activation of guanylyl cyclase or it is related to the scavenging of superoxide produced by postischemic tissue.
Platelet activating factor (PAF)
It has been reported that PAF levels are increased in the initial period of reperfusion following ischemia in the brain (41, 42) . Exogenous PAF has also been shown to induce leukocyte-endothelial cell adhesion in rat cerebral microcirculation (7,8). PAF has also been implicated as a mediator of the leukocyte adhesion observed in the brain following asphyxia/reoxygenation, an effect that appears to be linked to superoxide radical generation (43) .
4.1.5.Hypothermia
Hypothermia has been shown to have a neuroprotective influence on brain damage in both the experimental and clinical setting. We first demonstrated using intravital fluorescence microscopy that moderate hypothermia attenuates the leukocyte adhesion in cerebral venules induced by I/R (33) . Hypothermia also appears to attenuate ICAM-1 expression.
Adhesion molecules
Endothelial cell adhesion molecules belonging to the selectin (P-selectin and E-selectin) and the immunoglobulin gene (ICAM-1) superfamilies and their counter-receptors (PSGL-1, CD11/CD18) on leukocytes have been implicated in the pathogenesis of ischemic stroke. The selectins, which mediate leukocyte rolling, and ICAM-1, which mediates the firm adhesion of leukocytes, are expressed on vascular endothelial cells in the postischemic brain (35, (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) . The participation of leukocyte adhesion molecules in ischemic stroke has been examined using monoclonal antibodies directed against either LFA-1 (CD11a), Mac-1 (CD11b), or the common beta subunit, CD18. All of these adhesion molecule neutralizing antibodies reduce postischemic tissue damage in the brain (44, 54, 55) . It has been shown that anti-ICAM-1 or P-selectin or their deficient mice also reductions in the intensity of the inflammatory response, infarct volume, and enhanced functional recovery after cerebral I/R has been demonstrated in wild type mice receiving either ICAM-1 or P-selectin specific antibodies as well as in mice that are genetically deficient in either endothelial cell adhesion molecule (44, 47, 51, (56) (57) (58) (59) .
In recent years, a number of studies have implicated a role for inflammatory mediators and infiltrating leukocytes in the pathogenesis of cerebral ischemia-reperfusion injury. Evidence derived from animal models of stroke that either employ adhesion moleculespecific antibodies or mutant mice that are genetically deficient in certain adhesion molecules indicate that the adhesion of leukocytes to vascular endothelium is a ratedetermining step in the tissue injury and organ dysfunction that occurs after reperfusion of the ischemic brain. Despite this recognition of the potential importance of leukocyteendothelial cell adhesion in experimental stroke models, there have been few attempts to monitor and quantify leukocyte adhesion in the cerebral microvasculature after I/R. There are a few reports that have demonstrated a role for CD11/CD18 ( 60), ICAM-1 and P-selectin ( 12) in mediating the I/R-induced leukocyte adhesion. CD11/CD18 on leukocytes binds to ICAM-1 on endothelial cells, which is important for leukocyte adhesion and Pselectin glycoprotein ligand-1 ( PSGL-1) on leukocytes binds to P-selectin on endothelial cells, which is important for leukocyte rolling. Our findings in ICAM-1 and Pselectin deficient mice are consistent with a model that implicates P-selectin as a mediator of leukocyte rolling and ICAM-1 as a mediator of firm adhesion. Since rolling is a prerequisite for firm adhesion, P-selectin deficiency can reduce not only leukocyte rolling and but also firm adhesion, while ICAM-1 deficiency shows no significant effect on leukocyte rolling.
Clinically, increased circulating levels of soluble ICAM-1 and P-selectin have been detected in the serum of stroke patients, which is consistent with the view that a portion of these CAMs are shed from the vessel wall after endothelial cell activation.
Reactive oxygen species
Reactive oxygen species can act as signaling molecules and consequently mediate the cerebral microvascular responses to I/R, including increased adhesion molecule biosynthesis and cell surface expression, increased inflammatory mediator production, and inactivation of NO. Xanthine oxidase, NADPH oxidase, mitochondria respiration, and arachidonic acid have all been implicated as potential sources of ROS in the postischemic brain (61-63).
The first reports of enhanced superoxide production in the brain following I/R were based on the nitro blue tetrazolium (NBT) method (64) and involved detection by electron microscopy (65) . 2,3-and 2.5-dihydroxybenzoic acid (DHBA) as indicators for hydroxyl radicals have also been used with microdialysis methods in the postischemic brain (66, 67) along with lucigenininduced chemiluminescence (68, 69) . Murakami et al. (63) have proposed that reactive oxygen species from mitochondria play a pivotal role in immediate reperfusion period after ischemia/reperfusion. We have employed the oxidant-sensitive dihydrorhodamine-123 (DHR-123) to visualize and quantify oxidant production in cerebral venules following I/R. Our initial findings indicate that oxidants are produced within one hour after reperfusion.
Platelet adhesion
Platelets represent a therapeutic target that is gaining attention in both preclinical and clinical studies of stroke. Furthermore, there is new evidence that the inflammatory changes elicited by I/R in the cerebral microcirculation are accompanied by the recruitment of platelets that roll along and firmly adhere to cerebral microvascular endothelium. The recruited platelets appear to amplify the inflammatory response to I/R and may contribute directly to the microvascular dysfunction and tissue injury.
Time-course
Rolling and adherent platelets were first observed in our brain study after I/R (Ishikawa 2003) . The rolling and adherent platelets observed in mouse cerebral venules subjected to I/R are not seen until 4 hr after reperfusion, and lags behind the recruitment of rolling and adherent leukocytes, which is manifested as early as 40 min after reperfusion. Platelet-vessel wall interactions have been already described in intestine (70, 71) , retina (72) and liver (73) after ischemia-reperfusion. In mouse small bowel exposed to I/R, platelet adhesion was noted in both arterioles and venules as early as 5 min after reperfusion in Massberg's report, but it was observed just in venules 4 hr after reperfusion in Cooper's report. In mouse liver, platelet adhesion was also observed in both arterioles and venules as early as 5 min after reperfusion. In rat retina (72) and brain (12), the recruitment of rolling and adherent platelets in venules (not arterioles) is not seen until 4 hr after reperfusion. Hence in the brain, eye and some intestine models, platelet recruitment in venules appears to involve a transcription-dependent mechanism and seems to require sufficient time for accumulation of specific mediators of platelet adhesion.
Adhesion molecules for platelet rolling and adhesion
In our study (12) using ICAM-1 deficient mice and P-selectin deficient mice, we demonstrated that ICAM-1 and P-selectin are important for platelet rolling and adhesion. When P-selectin deficient platelets were infused into the postischemic mouse and platelets from WT mice were infused into the postischemic P-selectin deficient mouse, rolling and adherence of platelets were attenuated significantly, compared with the responses seen when platelets from WT platelets were infused into WT mouse after I/R. These findings implicate both platelet-and endothelial cell-associated P-selectin in the platelet accumulation in venules of the postischemic brain.
When platelets from WT mice were infused into the ICAM-1 deficient mouse after I/R, platelet rolling and adhesion are also attenuated, compared with the responses noted when platelets from WT platelets were infused into a WT mouse after I/R. Although there is no known ligand for ICAM-1 on platelets, these findings implicate ICAM-1 in I/R-induced platelet adhesion in cerebral venules. In a published report on platelet adhesion in postischemic mouse intestine, it was shown that ICAM-1-/-mice exhibited an attenuation of platelet adhesion of a magnitude comparable to that seen in our brain experiments. This observation, coupled to additional data related to fibrinogen deposition in the postischemic intestinal vasculature of WT and ICAM-1-/-mice, led these authors to propose that ICAM-1 bound fibrinogen on endothelial cells serves as a ligand for GPIIb/IIIa on platelets. The protective effects of ICAM-1 deficiency against cerebral I/R-induced platelet recruitment noted in our study may be explained by a comparable mechanism. Another model that can explain the findings would involve endothelial P-selectin and ICAM-1 as mediators of the rolling and firm adhesion (respectively) of leukocytes in postischemic venules and the adherent leukocytes then create a platform onto which platelets can bind using Pselectin, because leukocytes (but not endothelial cells) express PSGL-1 which is also a ligand for P-selectin on platelets. Irrespective of the precise mechanism involved in this platelet recruitment process, the available data indicate that the increased expression of P-selectin on both platelets and endothelial cells is of immense quantitative importance in mediating the platelet-vessel wall interactions elicited by cerebral I/R.
SUMMARY
Leukocyte-and platelet-endothelial cell interactions have been described in postcapillary venules of the brain exposed to either global or focal ischemia, followed by reperfusion. These interactions are mediated by a variety of factors, including adhesion molecules (eg. P-selectin and ICAM-1), shear rate, NO, and PAF. While there is a large body of evidence that implicates leukocyte adhesion in the pathogenesis of stroke the nature of the contribution of leukocytes to this injury process remains poorly understood. Additional research is needed to define the mechanisms that underlie the recruitment and activation of both leukocytes and platelets in the ischemic and postischemic brain. This effort may lead to improved therapeutic strategies for management of the stroke patient. 
